The scintillating grid is a recently discovered visual illusion, created by superimposing white discs on the intersections of orthogonal gray bars on a black background. Even though the entire display is stationary, observers perceive dark spots appearing and disappearing rapidly within some of the white discs. This scintillation effect is correlated with eye position and eye movements. Here we investigate whether covert shifts of attention, as revealed by cueing and visual search paradigms, can also affect the illusion. We find that the chance of a particular intersection scintillating is directly correlated with distance from the attentional focus, regardless of the location of the fixation point. This suggests that the dynamics of this illusion might reflect the distribution of attention in space and time.
Introduction
The scintillating grid is a relatively recent illusion, first described in an article by Schrauf, Lingelbach, and Wist (1997) . It is constructed by superimposing white discs on the intersections of orthogonal gray bars on a black background (Fig. 1) . The percept that ensues is a rather striking illusion: dark dots seem to appear and disappear rapidly at random intersections, hence the label ''scintillating''. In fact, which of the intersections will or not scintillate is not a fully random process: scintillation rarely occurs at fixation, for example. But beyond this simple observation, very little is known about the dynamic mechanisms responsible for the generation of this illusion. Here we investigate the possibility that covert shifts of attention, in addition to overt orienting by eye movements, might correlate with the scintillation illusion.
We flash for 200 ms a simplified version of the grid having only 3 · 3 intersections, and record the probability of each disc being perceived as scintillating, as a function of the distance between this disc and a particular ''interest point'': the fixation point in Expt 1; a spatial cue, automatically drawing exogenous attention (Posner, Snyder, & Davidson, 1980) in Expt 2; and the target of a serial visual search (rotated L vs. T), whose detection is contingent on the focus of endogenous attention (e.g. Bergen & Julesz, 1983) in Expt 3. We find that dots farther away from the attentional focus are consistently more likely to scintillate, regardless of the position of the fixation point.
Methods

Experimental setup
Twelve na€ ı ıve subjects, six male and six females, all of them undergraduate students, participated in the experiment. One additional subject was discarded due to his inability to perceive the illusion (in Expt 1, the chance of scintillation for this subject was under 30% for all intersections). They were seated in a dark room, approximately 60 cm from a computer screen (refresh rate 75 Hz), piloted from a MacIntosh G4 computer. For all experiments, the test stimulus was a 3 · 3 scintillating grid of approximately 6°of visual angle (thus the ''grid unit'' was about 2°). The ratio between disc diameter and bar width was 1.5:1, and the ratio between background square size (one grid unit) and bar width was about 5:1. These values are comparable to optimal values previously reported (Schrauf et al., 1997) . The presentation of the grid was always preceded by a 2000 ms fixation interval followed by a dark screen for 250 ms (the intervening dark screen was introduced to reduce the persistence of the fixation cross which could have affected the perceived scintilation). The grid was always presented for 200 ms, so as to minimize the possibility of exploratory eye movements. It has been previously reported that presentation durations between 200 and 300 ms elicit a strong illusion (Schrauf, Wist, & Ehrenstein, 2000) . The grid was followed by a dark screen lasting 800 ms, after which the subjects reported their percept. To this effect, they were shown a neutral grid (a Hermann grid, identical to the test grid but without the white discs at the intersections) at the exact same location as the previous scintillating grid. They clicked, using the mouse button, on those intersections that had appeared to scintillate (i.e. turn dark, even briefly, during presentation), or not scintillate (i.e. remain white throughout presentation). These two different report methods were used to ensure that subjects would report their true perception of the illusion, and not simply display a natural tendency for clicking on particular intersections. The three experiments were performed sequentially (50 trials of Expt 1, 50 trials of Expt 2, and 100 trials of Expt 3) using one report method, then repeated using the other one. The order of reporting methods used was counterbalanced across subjects. Prior to running the experimental session, which lasted about one hour, the subjects were presented with a few practice trials of each experiment, under the report method that they would first use.
Experiment 1: fixation
In this experiment, the fixation cross appeared randomly at a new location, no more than 6°of eccentricity, on each trial. The subjects were required to fixate the cross throughout stimulus presentation. The scintillating grid appeared with one of its nine intersections occupying the previous location of the cross.
Experiment 2: cueing
The fixation cross was always placed at the center of the screen. A spatial cue appeared 52 ms prior to the presentation of the scintillating grid, at a random location on the screen, no more than 6°of eccentricity, and remained on for 26 ms. The grid appeared with one of its nine intersections occupying the previous location of the cue.
Experiment 3: visual search
The fixation cross was located at the center of the screen. Here, the scintillating grid was modified to include a search array, different on each trial, composed of five randomly rotated Ts and one L. This set size was chosen to yield approximately 50% search performance, maximizing the number of observations for both correct and incorrect search (actual average performance for our group of 12 subjects was 59%, with chance level at 6.25%). The six white letters, approximately 1.5°in size, were placed randomly among the 16 black squares formed by the scintillating grid. The entire display appeared at a random location, no more than 8°of eccentricity (for the center of the grid). The subjects were instructed to search for the letter L. The report sequence was modified so that they first reported the location of the search target by clicking on the appropriate square of the neutral grid, then reported their perception of scintillation as usual.
Data analysis
The effects of distance from the fixation cross, distance from the cue, distance from the search target, report method and search performance on the probability of scintillation at each intersection are reported using the appropriate within-subjects two-way ANOVAs. For the 3D surface plots in Figs. 3(C) and 4(C), data from all subjects was pooled, and binned along the dimension Ôdistance from fixationÕ (bin size 1 grid unit) to increase the number of observations.
Experiment 1: fixation
The experimental timeline for Expt 1 is illustrated in Fig. 2(A) . The results in Fig. 2 (B) confirm the fact that eye position is a key factor for the illusion (Schrauf et al., 1997) . A two-way ANOVA (distance from interest point · report method) revealed that the distance from Fig. 1 . The scintillating grid illusion: Dark spots appear and rapidly disappear within some of the white discs. The most striking aspect of this illusion is its dynamic character, while the display itself is stationary. Note that fixating one particular intersection generally prevents scintillation for that disc.
the fixation cross significantly (F ð5; 132Þ ¼ 40:4, p < 0:0001) affected the chance of each intersection being perceived as scintillating: dots closer to fixation were less likely to scintillate. The observed range of reports, from 7% to 87% of scintillation, as well as their consistency across subjects (reflected by the error bars corresponding to the standard error of the mean across subjects), indicate that our 3 · 3 grid was efficient to elicit the illusion. In addition, there was no significant effect of the report method (F ð1; 132Þ ¼ 2:62, p ¼ 0:11): when asked to click on scintillating dots, subjects would tend to click more often on dots farther away from the interest point; when asked to click on non-scintillating dots, they would tend to click on dots closer to fixation. Thus the reports truly reflect the subjectsÕ perceptual experience, and not merely a tendency for clicking on particular intersections. This was true for all following experiments. This is also confirmed by the fact that the interaction between the two factors was not significant (F ð5; 132Þ ¼ 0:26, p ¼ 0:94).
Experiment 2: cueing
In this experiment, a spatial cue was flashed for 26 ms at a random location, 52 ms (stimulus-onset asynchrony: SOA) before the grid appeared (Fig. 3(A) ). One of the intersections of the grid (determined randomly on each trial) was positioned at the previous location of the cue, which represented the ''interest point'' for this experiment. We assumed that the cue would automatically draw exogenous attention (Posner et al., 1980) , and that the interest point would thus provide a reliable estimate of the focus of attention on each trial.
As illustrated in Fig. 3(B) , distance from the attentional focus greatly affected (F ð5; 132Þ ¼ 25:1, p < 0:0001) the probability of scintillation: intersections closer to the interest point were less likely to scintillate (two-way ANOVA, distance from interest point · report method). The effect of the report method (reporting scintillating vs. non-scintillating dots) was again not significant (F ð1; 132Þ ¼ 0:35, p ¼ 0:56), nor was the interaction between the two factors (F ð5; 132Þ ¼ 0:41, p ¼ 0:84). These results suggest that the distribution of covert attention, as revealed by a cueing paradigm, can play a significant role in the scintillating grid illusion. However, the present analysis cannot separate the effects of attention from those of eye fixation, which were found to be of primary importance in the previous experiment. To sort out the relative contributions of these two factors, we considered their effects on the scintillation illusion separately, in the present paradigm. Fig. 3(C) shows that the distance from fixation here again strongly influenced scintillation (F ð3; 15Þ ¼ 57:1, p < 0:0001, two-way ANOVA, distance from fixation · distance from cue). Most importantly however, the distance from the attentional cue still affected scintillation (F ð5; 15Þ ¼ 9:52, p < 0:0005), even after the effects of eye fixation were taken into account. In other words (and as can be observed on Fig. 3(C) , thick lines), for a fixed distance from fixation, increasing distance from the cue leads to increased scintillation. These results thus indicate that the distribution of exogenous attention can influence the scintillation illusion, regardless of eye position.
Experiment 3: visual search
In this last experiment, rather than explicitly indicating to our subjects, using a spatial cue, where to focus attention on each trial, we let them explore the display in a visual search paradigm and determined, a posteriori, The probability of an intersection being perceived as ''scintillating'' increases with increasing distance from this ''interest point'' (p < 0:0001). This is true whether the subjects are asked to report the intersections that appeared to scintillate, or those that remained white throughout the trial. This result confirms that eye position is highly correlated with the scintillation illusion, and shows that the type of 3 · 3 grid used in the present study is well able to elicit the illusion. Error bars indicate standard error of the mean across subjects. the distribution of endogenous attention for each trial. Because the search for the rotated letter L among rotated Ts is known to be serial (e.g. Bergen & Julesz, 1983) , we can reasonably assume that on average, attention was more likely to be allocated around the search target on correct than on incorrect trials.
The display was composed of a 3 · 3 scintillating grid, containing six rotated letters, one L and five Ts, randomly distributed among the 16 squares formed by the grid (Fig. 4(A) ). The subjects were first asked to report the location of the search target by clicking on the appropriate square of a neutral grid (shown at the same location as the previous scintillating grid), then clicked on the intersections to report the perceived scintillation. Fig. 4(B) shows that search performance not only affected the overall strength of scintillation (F ð1; 276Þ ¼ 6:8, p < 0:01), but also, and more strongly (F ð5; 276Þ ¼ 6:94, p < 0:0001), the spatial distribution of the scintillation effect (two-way ANOVA, search performance · distance from search target). Scintillation increased with increasing distance from the search target when it was correctly detected (and thus attention was likely to be allocated to that location), but decreased otherwise (when attention was presumably allocated to another location of the display). The effect of distance from search target per se was not significant (i.e. when pooled across correct and incorrect search trials; F ð5; 276Þ ¼ 0:45, p ¼ 0:81): thus it is not the mere presence of the target that affects scintillation, but rather the allocation of attention to this target on correct trials (or lack thereof on incorrect trials).
Here again, we introduced the potential effects of eye fixation as a factor in our analysis (Fig. 4(C) ). For both correct (F ð3; 15Þ ¼ 104, p < 0:0001) and incorrect (F ð3; 15Þ ¼ 122, p < 0:0001) visual search, distance from fixation was again positively related to the strength of scintillation (two-way ANOVA, distance from fixation · distance from search target). However, for a fixed distance from the fixation cross, increasing distance from the search target significantly increased scintillation when the search target had been correctly detected (panel 4C, left; F ð5; 15Þ ¼ 8:83, p < 0:0005), and decreased the illusion otherwise (although not significantly, F ð5; 15Þ ¼ 1:9, p ¼ 0:15; panel 4C, right). Thus, at least in the case of correct visual search (where the distribution of attention is probably better defined than in incorrect trials), the influence of the focus of endogenous attention is present regardless of the position of eye fixation.
Discussion
The present experiments indicate that the scintillating grid illusion depends not only on the current position of the eyes, as previously reported (Schrauf et al., 1997) , but also on the distribution of covert attention. It proved difficult to separate completely the respective Fig. 3 . Cueing paradigm: (A) The fixation cross was always presented at the center of the screen. A spatial cue appeared at a random location on the screen, followed after 52 ms (SOA) by the scintillating grid, one intersection of which occupied the location of the cue (the ''interest point''). (B) Scintillation was stronger for intersections farther away from the interest point (p < 0:0001). As previously, there was no difference between report methods (p ¼ 0:56). Error bars indicate standard error of the mean across subjects. (C) The influence of the attention focus can be observed independently from the effects of eye fixation. As in the previous experiment, the distance from fixation strongly affects the probability of scintillation (p < 0:0001). Yet at any fixed distance from fixation, scintillation also significantly (p < 0:0005) depends on the distance from the cue (thick lines). The horizontal contours on the surface correspond to the scale lines in the back. Two of the extreme values were not plotted because less than six observations had been obtained for them throughout the entire experiment.
contributions of these two factors (Hafed & Clark, 2002; Hoffman & Subramaniam, 1995; Sheliga, Riggio, & Rizzolatti, 1994) . In our experiments, the position of the fixation point systematically appeared to influence the scintillation illusion more dramatically than the position of our ''interest point'' (believed to indicate the focus of attention). However, this does not necessarily mean that eye position constitutes a more important factor than covert attention in the generation of this illusion. On the one hand, it is fairly possible, although unlikely given the short presentation times used, that on some trials the ''focus of attention'' could be contaminated by very rapid eye movements. Alternatively, the allocation of attention at the location of the cue (in Expt 2) or search target (in Expt 3) does not preclude the possibility that attention could have occupied other locations during the presentation of the grid. In particular, it could well have been present around the fixation cross before being moved to our interest point. In that case, the effects of eye fixation would be contaminated by the effects of attention, with little hope of disentangling the two factors. For the present time, we can nevertheless conclude that the distribution of covert attention does affect the scintillation illusion independently of eye fixation, even though the respective influence of these two factors cannot be quantified yet.
The dynamic character of the scintillation illusion, when the display itself is immobile, suggests that this Fig. 4 . Visual search paradigm: (A) The stimulus was composed of a search array embedded in the squares of a scintillating grid. On each trial, five rotated Ts and one L were randomly distributed among the 16 squares formed by the grid (see insert). The entire display was presented for 200 ms. Subjects first reported the location of the target by clicking on one of the squares of the neutral grid, then reported their percept of the illusion as previously. (B) Search performance, reflecting the spatial allocation of attention, critically affected the distribution of the scintillation effect (p < 0:0001). When the search target was correctly detected, scintillation increased for intersections farther away from the target; when the target was missed, the opposite pattern was observed. The different report methods again yielded comparable results. Error bars indicate standard error of the mean across subjects. (C) The position of eye fixation was an important factor for the illusion in this experiment as well (p < 0:0001 for both correct and incorrect search). But at a fixed distance from the fixation point, scintillation consistently increased with increasing distance from the search target when it was correctly detected (p < 0:0005), and decreased otherwise, although the decrease was not significant (p ¼ 0:15). Thus, here again attention affected the distribution of the scintillation effect, regardless of the position of eye fixation. Note that, to ensure visibility, the axis for ''distance from search target'' has been plotted in opposite directions in the left and right panels. illusion might reveal some intrinsically dynamic feature of visual perception. Large-scale oscillations of neuronal activity, for example in the gamma or alpha frequency bands (e.g. Eckhorn et al., 1988; Singer & Gray, 1995; Tallon-Baudry & Bertrand, 1999; Varela, Lachaux, Rodriguez, & Martinerie, 2001; von Stein & Sarnthein, 2000) are an obvious candidate, even more so because such oscillations, just like the scintillation illusion, have been found to depend on the attentional state (Fries, Reynolds, Rorie, & Desimone, 2001 ). More precisely, gamma band activity was found to increase under the effect of attention, while alpha activity simultaneously decreased. It is thus conceivable that such oscillations could correlate (positively for alpha oscillations, negatively for gamma oscillations) with the scintillation effect. Explaining the mechanisms behind the scintillating grid illusion might thus constitute a step towards explaining the neuronal processes responsible for visual perception in general. That the illusion depends on the distribution of attention in space and time is an important first clue in this investigation.
